In this paper a new version of 6 Li-based neutron spectrometer for high flux environments is described. The new spectrometer was built with commercial single crystal Chemical Vapour Deposition diamonds of electronic grade. These crystals feature better charge collection as well as higher radiation hardness.
Introduction
Neutron spectroscopy in high flux environments such as fission or fusion reactors is a very challenging task. The standard methods make use of fission chambers or activation foils. However, both of these methods are indirect and they are subject to large systematic uncertainties. They are indirect because observable quantities are related to integrals of neutron spectrum and the unfolding of these integrals gives rise to uncertainties. The spectroscopic application of conventional gas-filled proportional counters with various converters, like 3 He, CH 4 and BF 3 , is limited to very low neutron energies, where the range of produced charged particles in gas still lies within the detector volume. Scintillators and standard semiconductor based detectors suffer from a strong radiation damage. Moreover, scintillators feature strong quenching for low energy ion recoils affecting the energy reconstruction. Diamond is the most radiation hard semiconductor offering a number of beneficial properties [1] .
In Ref. [2] a new neutron spectrometer for such measurements was proposed.
It was based on a sandwich of two diamond sensors enclosing 6 Li converter.
Such device allows to measure neutron energy directly on event-by-event basis applying the energy conservation law. The first prototype of the spectrometer was calibrated in Ref. [2] at two neutron energies and tested in fast fission reactor in Ref. [3] . These experiments revealed a series of issues leading to a degradation of spectrometer performances. In particular, the fast build-up of space charge limited charge collection stability of the spectrometer to relatively low neutron fluences < 10 10 n/cm 2 . Selected diamonds were not very radiation hard and in fact after the experiments, corresponding to accumulated fluence of fast neutrons about 10 14 n/cm 2 , the spectrometer showed an increased dark counting rate. The energy resolution was limited by few meters long cables between the spectrometer and its first amplifier.
All these issues were dealt with in the work described in this article, resulting in development of a more advanced spectrometer prototype. To suppress space charge build-up ohmic contacts were deposited. Selection of higher quality diamond crystals also affected charge collection as well as the radiation hardness of the spectrometer as explained in Ref. [4] . Implementation of passive amplification scheme near the sensor allowed to improve signal-to-noise ratio and therefore resolution in spite of long cables and fast electronics used. Furthermore, resolution on the coincidence time between two diamond sensors was improved by more than one order of magnitude. In the following sections the new spectrometer is described in details along with new characterization measurements performed at TRIGA reactor with thermal neutrons and at Frascati Neutron Generator (FNG) neutron source with 2.5 MeV neutrons.
Detector Upgrade
In the new prototype of sandwich spectrometer, commercial, electronic grade single crystal CVD diamonds from E6 [5] were used. The diamonds were 300 were defined by stainless steel shadow masks positioned on the diamond surface during both the DLC layer formation and Au layer deposition processes. The improved ohmicity of the electric contacts, mostly induced by the quality of the DLC layer produced on the diamond surface, allowed for the fabrication of ionizing radiation detectors [7] [8] [9] with reduced build-up of space charge under the device electrodes. At the borders of contact area two 200 µm wide and 150 nm thick strips were added, similar to those in Ref. [2] .
On one diamond 100 nm thick LiF film enriched with 6 Li to 96% was thermally evaporated on the metal contact. The evaporation was performed inside an evaporation chamber evacuated down to a pressure of 10 −6 mbar. The LiF powder was poured inside a tungsten crucible, electrically connected to its power supply. The samples were mounted on a sample holder located over the crucible with a quarz microbalance being placed on the same plane. Margins of diamond surface were covered with the same stainless steel mask used for metal contact deposition. The thickness was controlled during deposition by the microbalance.
The expected ratio of the subtended solid angles from the sample holder and the microbalance was estimated to be about 0.4. After the deposition the effective thickness of deposited film was measured to be 100 nm using an interferometer microscope.
The diamond sensors were glued with conductive glue E-solder 3025 [10] at opposite sides of a 250 µm thick double-face PCB, above a square through-hole of size slightly smaller than the diamond dimension, as shown in Fig PCB had dimensions of 8.5×80 mm 2 and it was inserted into aluminum tube with external diameter of 10 mm, which provided the shielding against EMI.
The dimension of the tube was chosen for compatibility with small channels in fast reactors like Venus-F [12] . 
Measurement at TRIGA reactor
The spectrometer was carefully calibrated in the well known thermal neutron flux at LENA of Pavia University [14] . The detector was installed in the TRIGA reactor thermal column inside a special, low flux cavity nearby a small, calibrated fission chamber [15] . In this location neutron flux reaches 10 8 n/cm 2 /s at the maximum reactor power of 250 kW. Besides the near fission chamber, the neutron flux was cross checked through in-core monitoring system [16] whose relation with thermal column flux is given in Ref. [17] .
The data were obtained for reactor power varying from 20 kW up to 250 kW and correlation between three detectors were studied. The spectrometer rate linearity with neutron flux variation measured with near fission chamber and with TRIGA power is shown in Fig. 3 . The previous spectrometer prototypes exhibited insufficient stability of Charge Collection Efficiency (CCE) due to rapid build-up of space charge [3] . With this new prototype no visible space charge effects were observed. CCE stability was obtained from the average energy deposited by t, produced by thermal neutrons through n( 6 Li, t)α reaction, as a function of absorbed dose as shown in Fig. 4 .
For thermal neutrons in the column the dose was essentially given by α and t particles produced in 6 Li and involved only a small fraction of entire diamond thickness: 3.5 and 21 µm, respectively. Thus the dose was calculated for this volume irradiated by α and t. Small variations of the peak position, of the order of few keV, were due to fluctuations of EMI noise during the run time altering the shape of t peak. The spectrometer was also irradiated with 4.7 kBq 241 Am α source for 24 hours, showing no visible change of CCE.
Trigger of DAQ system was set on the logical sum of the two diamond sensor discriminators. Individual sensors had the thresholds calibrated to 1 MeV of deposited energy as the best trade-off between electronic noise suppression and detection efficiency. Also few runs with trigger set to a coincidence between two diamond sensors within 64 ns window were recorded for a cross check. Because thermal neutrons and γ could not produce signals in diamonds above 1 MeV threshold, only about 25% of uncorrelated triggers had no coincidence. Half of these events had t detected with energy reduced by about 60 keV with α lost. The other half had α detected but its energy distribution had a large tail increasing towards the threshold indicating a high energy loss in non sensitive parts of the spectrometer. These events were discarded in the following analysis.
The spectrometer response to the TRIGA thermal neutron flux was modeled using Geant version 4.10.2 [18] . The simulated geometry was slightly simplified, in particular conductive glue and bonding wires were not modeled. Also metal contacts on the diamond surface were assumed to be uniform. The TRIGA thermal column flux with spectrum from Ref. [17] was generated isotropically on the spherical surface around the spectrometer of area about 0.64 cm 2 . The same trigger conditions were applied to simulated events selecting those which deposited in active detector volume an energy above 1 MeV threshold. The sim-ulations were normalized to the neutron fluence accumulated by fission chamber nearby the spectrometer during the experiment. Electronics noise was simulated by Gaussian smearing of reconstructed deposited energies with measured RMS values.
The scale of energy deposited in both sensors was calibrated by using digitizer baseline data and t-peak position, as the highest and narrowest structure in the spectra. The peaks at 2.7 MeV and 2 MeV are due to the absorption of t and α, respectively. Because the energy loss of t is much smaller than that of the α (up to factor of ten for Au contacts) t peak is higher and narrower. RMS of t peak was about 35 keV, made of 24 keV due to the first amplifier intrinsic noise and 25 keV related to energy loss fluctuations and non-uniformity of contacts. α peak in the data has very asymmetric shape related to large energy losses. The gold metallization film had significant non-uniformity resulting in variations of the energy loss across sensor active area. In particular, at the borders of LiF film the underlying contacts were few times thicker than at the center. This effect was amplified by the choice of fairly broad LiF coverage aimed to increase detector efficiency. Geant4 simulations with concave shaped contacts allowed to reproduce the difference in height between t and α peaks, although the real shape of the contacts was clearly more complex.
For thermal neutrons the total energy deposited in the spectrometer corresponds to n( 6 Li, t)α reaction Q-value (4.7 MeV). The comparison of the measured total deposited energy with Geant4 simulations is shown in Fig. 6 . Also in this spectrum the measured peak exhibits a large tail at its l.h.s. due to energy loss. Assuming that r.h.s. shoulder of the peak is not altered by the energy loss we obtained spectrometer total energy resolution of 72 keV (RMS), similar to that found in Ref. [2] with charge sensitive amplifiers. Using data from the calibrated fission chamber, located at about 1 cm distance, we obtained the absolute efficiency of the spectrometer to thermal neu-trons of 2.3 × 10 −5 1/nv. This value corresponds to about 55% of interaction probability in 100 nm of 6 LiF. About 4.5% out of remaining inefficiency is related to the restricted angular acceptance for produced t+α pairs escaping through 300 µm air gap between the crystals. Among the remaining 40% inefficiency, 25% is due to the aforementioned loss of α or t in non-sensitive parts of the spectrometer, while the other 15% is related either to the loss of both reaction products or to the uncertainty on the LiF thickness.
The spectrometer demonstrated a very good timing resolution. In fact, the coincidence time difference between two diamonds shown in Fig. 7 for nearly normally incident α-t pairs had RMS of 68 ps. This corresponds to a single diamond FWHM resolution of 270 ps/(E dep. /1 MeV), which is only 30% worse than the best resolution found in Ref. [19] with amplifiers directly connected to the diamond detectors. But it is an order of magnitude better than in Ref. [4] with similar setup and 40% better than in Ref. [20] for coincidences of two consecutive elastic n−C scatterings. Larger PCB thickness and intermediate decoupling ground plane could improve timing resolution further, but it would reduce detection efficiency due to lower acceptance for α and t and degradation of energy resolution due to larger energy loss in air. The systematic uncertainty of the absolute detection efficiency was dominated by fission chamber counting rate-to-flux calibration factor, and it was estimated to be 8% [15] .
Measurement at DD neutron generator
The spectrometer response to quasi-monochromatic 2.5 MeV neutrons was measured at FNG facility of ENEA [21] . The detector was installed at 90 degrees with respect to the deuteron beam direction at distance of 2. 
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Figure 9: The same as if Fig. 8 , but measured in coincidence between two diamond detectors.
The neutron flux was normally impacting on ch2 and leaving the spectrometer through ch1.
for 2.5 MeV neutrons. The last value includes also incident neutron energy uncertainty.
The total number of events in DD-peak was about 130, which allowed to confirm the expected spectrometer absolute efficiency value of 4.5 × 10 −9 1/nv at neutron energy of 2.5 MeV with 9% statistical and 20% systematic [2] uncertainties. 
Conclusions
New prototype of compact neutron spectrometer for high flux environments based on 6 Li converter and diamond detectors was assembled. This included a number of improvements aimed to resolve various issues observed in Refs. [2] [3] [4] .
In particular, the new spectrometer was built with commercial single crystal CVD diamonds of electronic grade. These crystals feature a better charge collection as well as a higher radiation hardness as shown in Refs. [4, 23] . Ohmic metal contacts were deposited on the diamonds, suppressing build-up of space charge observed in the previous prototypes [3] . In the new prototype no space charge effects were observed. New passive preamplification of signal at detector side was implemented to improve its energy resolution. This preamplification is based on RF transformer, not sensitive to high neutron flux. Compact mechanical design was implemented and allowed to reduce detector size to a 13 cm long tube with diameter of 1 cm.
The spectrometer was tested in the thermal column of TRIGA reactor and at DD neutron generator. It demonstrated good performances as energy resolution of 72 keV (RMS) and coincidence timing resolution of 68 ps (RMS). The measured data are overall in agreement with Geant4 simulations. The only remaining difference is related to excessive energy loss of αs produced by neutrons on 6 Li. This effect may be mitigated in future prototypes by improving contact uniformity and reducing the area of LiF converter.
